Patterns of bone development in mammals are best known from terrestrial and cursorial groups, but there is a considerable gap in our understanding of how specializations for life underground affect bone growth and development. Likewise, studies of bone microstructure in wild populations are still scarce, and they often include few individuals and tend to be focused on adults. For these reasons, the processes generating bone microstructural variation at intra-and interspecific levels are not fully understood. This study comprehensively examines the bone microstructure of an extant population of Cape dune molerats, Bathyergus suillus (Bathyergidae), the largest subterranean mammal endemic to the Western Cape of South Africa. The aim of this study is to investigate the postnatal bone growth of B. suillus using undecalcified histological sections (n = 197) of the femur, humerus, tibia-fibula, ulna and radius, including males and females belonging to different ontogenetic and reproductive stages (n = 42). Qualitative histological features demonstrate a wide histodiversity with thickening of the cortex mainly resulting from endosteal and periosteal bone depositions, whilst there is scarce endosteal resorption and remodeling throughout ontogeny. This imbalanced bone modeling allows the tissues deposited during ontogeny to remain relatively intact, thus preserving an excellent record of growth. The distribution of the different bone tissues observed in the cortex depends on ontogenetic status, anatomical features (e.g. muscle attachment structures) and location on the bone (e.g. anterior or lateral). The type of bone microstructure and modeling is discussed in relation to digging behavior, reproduction and physiology of this species. This study is the first histological assessment describing the process of cortical thickening in long bones of a fossorial mammal.
Introduction
Bone histology studies have been essential to understand bone growth and developmental processes in vertebrates. In mammals, most osteohistological approaches have been carried out to address questions related to physiologic and metabolic dynamics such as osteoporosis and bone healing (e.g. Stout & Crowder, 2012; Allen & Burr, 2014) , as well as to assess mechanical and mechanobiological aspects of bone (e.g. Carter & Beaupr e, 2001; Robling et al. 2014) . A considerable proportion of these studies have been conducted on laboratory rodents and humans, and secondarily on other non-human primates (e.g. Enlow, 1963; Burr, 1992) . Ungulates, carnivores and lagomorphs have also been important models to assess metabolic, biomechanical and pathologic aspects of the skeleton (e.g. Skedros et al. 1997 Skedros et al. , 2004 Jee & Yao, 2001; Martiniakov a et al. 2003 Martiniakov a et al. , 2005a . In spite of these studies, our broad knowledge of mammalian bone microstructure and development is based principally on laboratory rodent specimens (e.g. Ruth, 1953; Tomlin et al. 1953; Bateman, 1954; Frandsen et al. 1954; Pratt, 1957 Pratt, , 1959 Enlow, 1962 Enlow, , 1963 Li & Klein, 1990; Biewener & Bertram, 1993; Erben, 1996; H€ orner et al. 1997; Lelovas et al. 2008; Hall, 2015) .
Comparative histological descriptions of mammalian histology have been made by Foote (1911 Foote ( , 1916 , Enlow & Brown (1958) , Smith (1960) , Jowsey (1966) , Singh et al. (1974) , de Ricql es et al. (1992) , Klevezal (1996) , H€ orner et al. (1997) , Skedros et al. (1997) , Currey (2002) , Zoetis et al. (2003) , Locke (2004) , Chinsamy-Turan (2005) , Hillier & Bell (2007) , Martiniakov a et al. (2007) , Hurum & Chinsamy-Turan (2012) , Mulhern & Ubelaker (2012) , Cvetkovic et al. (2013) , Kolb et al. (2015a) and Mcfarlin et al. (2016) , among others. In the past few years, there has been a surge of studies on several mammalian groups: monotremes and marsupials (Chinsamy & Hurum, 2006; Hurum & Chinsamy-Turan, 2012; Kolb et al. 2015a ), xenarthrans (Straehl et al. 2013 ), sirenians (de Buffr enil et al. 2010) , elephantids (Curtin et al. 2012) , ruminants (e.g. K€ ohler et al. 2012; Mar ın-Moratalla et al. 2013; Kolb et al. 2015b) , glirids (Garc ıa-Mart ınez et al. 2011), as well as primates (e.g. Castanet et al. 2004; Warshaw, 2008; Bromage et al. 2009; Mcfarlin et al. 2016) . Fossil eutherians such as aquatic sloths (Amson et al. 2014) , proboscideans (Mahboubi et al. 2014) , desmostylians (Hayashi et al. 2013 Kolb et al. 2015b) , caviomorphs (Geiger et al. 2013 ) and glirids (Orlandi-Oliveras et al. 2016 ) have been also recently studied. de Ricql es et al. (2009) also briefly described several mammalian fossils (glyptodonts, tardigrads, notoungulates, cetaceans, chalicotheres, equids, sirenians and proboscideans). Indeed, the bone histology of some of the earliest mammals, the 'Mesozoic mammals' (Chinsamy & Hurum, 2006) as well as their nonmammalian therapsid forerunners (e.g. Ray et al. 2004; Chinsamy-Turan, 2012; Nasterlack et al. 2012; Huttenlocker & Botha-Brink, 2014) have also been relatively well documented.
Studies of the bone microstructure of wild mammalian taxa are relatively scarce. Such studies tend to be restricted to age estimations (e.g. Klevezal & Kleinberg, 1967; Morris, 1970; Klevezal & Fedyk, 1978; Klevezal, 1996; Kry stufek et al. 2005; Garc ıa-Mart ınez et al. 2011; Martiniakov a et al. 2011) . For example, Klevezal (1996) comprehensively described the osteohistology and dental microstructure of several rodents, e.g. Erethizontidae, Castoridae, Myocastoridae, Sciuridae, Dipodidae, Myoxidae and Muridae (Arvicolinae, Gerbillinae, Spalacinae and Murinae). The main focus of her work was on indicators of age, occurrence and periodicity of growth lines, growth rates, sexual maturity, reproductive cycles, and season of death. The material analyzed in these earlier studies provided substantial information about mammalian mineralized tissues, although with the exception of Klevezal's work, they were not systematically collected and did not represent ontogenetic series. Furthermore, with the exception of osteohistological studies in laboratory rats, nonhuman primates, humans and a few other mammals, most of the research is based on a few individuals from museum collections, with no control of geographical location, season of death, sex or absolute age. Thus, in a broad sense, previous studies of mammalian bone microstructure has been useful to understand the general diversity of tissues found in Mammalia but have not provided much information to understand the proximate causes that affect bone growth and development at a population level (such as mineral metabolism dynamics, physiology, sexual dimorphism, ecological and behavioral changes during ontogeny).
Cortical thickness in fossorial mammals
Fossorial mammals show distinctive morphological adaptations directly attributable to their particular lifestyles (Rose, 2006) : they have robust skeletons with strong scapular girdles and usually short limb bones with prominent attachment sites for muscles (Biknevicius, 1993; Casinos et al. 1993; Hildebrand, 1995; Stein, 2000; Rose, 2006; Kley & Kearney, 2007) . Their long bones also tend to have thick bone walls, thus maximizing the biomechanical properties of the bone to resist bending and torsion during digging activities (Currey & Alexander, 1985; Biknevicius, 1993) . However, the actual process of how the bone cortex thickens is still uncertain. Previous studies have quantified the general microanatomical pattern of fossorial mammals (e.g. Currey & Alexander, 1985; Pinto et al. 2010; Laurin et al. 2011; Meier et al. 2013 ) but with the exception of Pinto et al. (2010) they have been based on small sample sizes and without consideration of ontogenetic development or sex differences. Wall (1983) suggests two main ways to increase bone thickness in mammals: by depositing more bone or by resorbing less bone than is already deposited. In the case of fossorial mammals, it is still unclear whether the high bone compactness involves formation (deposition) of additional tissues or the maintenance of previously deposited ones during early ontogeny. Indeed, these explanations are not mutually exclusive and the process of cortical thickening could be more complex.
Vitamin D 3 metabolites (1,25-dihydroxyvitamin D 3 ) are the main regulators of calcium absorption in mammals (Dacke, 1979; Vaughan, 1981; Buffenstein, 2000; Anderson et al. 2012; DiMeglio & Imel, 2014) . However, African molerats (Bathyergidae) are in a naturally impoverished condition of 1,25-dihydroxyvitamin D 3 [1, 25(OH) 2 D], suggesting that these metabolites are not involved in regulating the acquisition of calcium . Instead, among bathyergids, calcium is obtained by passive intestinal absorption, presumably via a nonsaturable pathway (Pitcher et al. 1992; Buffenstein et al. 1994; Buffenstein & Pitcher, 1996; Buffenstein, 2000) . Furthermore, it has been suggested that teeth and bones of bathyergids could act as reservoirs of calcium, since increased skeletal depositions have been observed when calcium and vitamin D are supplied (Skinner et al. 1991; Pitcher et al. 1994; Buffenstein et al. 1995; Buffenstein, 1996; Buffenstein & Pitcher, 1996) . Thus, the high cortical thickness observed in bathyergids (Chinsamy & Hurum, 2006; Pinto et al. 2010 ) is probably facilitated by this particular mechanism of passive mineral absorption. In the current study, we investigated the growth patterns of the solitary Cape dune molerat Bathyergus suillus (Rodentia; Bathyergidae), which is the largest extant subterranean mammal and endemic to the Western Cape of South Africa. This research documents the osteohistology and tissue dynamics (modeling) of long bones through the ontogeny of this species, which will shed light on the causes of high cortical thicknesses of fossorial mammals.
Materials and methods

Specimens and data collection
During January 2003-January 2004, the Airports Company of South Africa and the University of Cape Town carried out a molerat eradication program at the Cape Town International Airport (33°58 0 S, 18°37 0 E). As a result, more than 1350 individuals of Bathyergus suillus were captured and euthanized (see Hart et al. 2006 Hart et al. , 2007 Bray et al. 2012) . From this large sample, 24 females and 18 males were selected for this study. The study sample comprises a wide range of ontogenetic types (juveniles, subadults and adults) ( Fig. 1A) and individuals of known sex, and includes data such as body mass, body length and reproductive status (e.g. pregnant and lactating females) for each individual (Table 1 ). All individuals were classified according to tooth eruption and wear, and were referred to one of the nine relative age classes described by Hart et al. (2007) ( Table 1) . Furthermore, using the multivariate analysis of tooth wear, craniometrics and body size differences carried out by Hart et al. (2007) , the histological descriptions and developmental categories in this study were grouped as juveniles (age class 2-3), subadults (age class 4-5), and adults (age class 6-9) (Table 1 ) (see also Armstrong & Avery, 2014) . The dental formula in Cape dune molerats is 1013/1013 (Bennett et al. 2009 ). The 4 th maxillary cheek teeth (M3) begin to appear at the age class 4 and are fully erupted by age class 5 (Hart et al. 2007 ). The pups of B. suillus weigh on average 30 g at birth and they are able to disperse and establish independent burrow systems approximately 2 months after birth (age class 2) . At almost 3 months (80 days old) hind foot-drumming is initiated (age class 3), which is apparently used in territorial advertisement . At age class 4, the individuals have already left the nest Armstrong & Avery, 2014) . The lightest individual (age class 2) analyzed in this study weighed 230 g (Table 1 ). Unfortunately, no absolute ages are available for this species after subadult stages. It should be noted that images in ' Figure 1 ' in Hart et al. (2007) were mixed up: the age class 5 image was erroneously assigned to age class 6, and vice versa. The error was noticed due to age class 5 having a 1 st maxillary tooth with a more advanced degree of tooth wear (i.e. a very scooped and flat surface, without grooves) compared with image 6, which showed a less advanced degree of tooth wear.
Three mature reproductive stages were identified in females: perforated vagina, pregnant, and signs of lactation (Hart et al. 2007 ). The remaining females (n = 11) do not show clear signs of reproduction, and they are labelled as 'no data' (Table 1) . Male reproductive status was recorded following features such as size of the seminal vesicle, abdominal or inguinal location of the testes, and whether sperm was visible (Table 1) (Hart et al. 2007 ). The samples are housed in the Department of Biological Sciences at the University of Cape Town, South Africa.
Osteohistology: preparation, image acquisition and description
From the 42 individuals dissected, fore-(humerus, ulna and radius) and hindlimb bones (femur and tibia-fibula) from either the right or left side were obtained for posterior skeletonization. Transverse sections from the mid-diaphysis were prepared at~50% from the proximal articular surface in the femur, ulna and radius, and at 75% in the tibia-fibula (Fig. 2) . In the humerus, the sections were done just below the deltoid crest ( Fig. 2A) . Standard undecalcified histological procedures were used to obtain the thin sections (Chinsamy & Raath, 1992) . Undecalcified thin sections permit a more precise identification of the tissues under polarized light microscope due to the differential orientation of the mineralized collagen fibers Chinsamy-Turan, 2005 , 2012 . The midshaft of the diaphysis was selected for comparative purposes, since these regions are directly implicated with the mechanical behavior of the bone when exposed to different loads (Carter & Beaupr e, 2001; Brianza et al. 2006 ) and because it is usually not extensively remodeled and/or resorbed, thus recording the most complete sequence of the ontogenetic development (e.g. Chinsamy-Turan, 2005; Kriloff et al. 2008; Garc ıa-Mart ınez et al. 2011) . The bones were cut with a small diamond-edged saw (Precision Cutter Impetech PC10). The selected piece of bone was embedded in resin consisting of a mix of Epoxy-Resin and Epo-Fix hardener (25 : 3 ratios, Fig. 1 Ontogenetic scatter plot of body mass and body length of Bathyergus suillus. Filled shapes represent the subsample analyzed here, and hollow shapes represent the largest and smallest individuals known of this species (Bray et al. 2012 ), but not included on this study (*). respectively). Sections of~80-100 lm were obtained, and high quality photographs were taken using a Nikon Eclipse E200 Polarizing Microscope. All the thin sections (n = 197) prepared for this study are housed in the Palaeobiological Research Group in the Department of Biological Sciences at the University of Cape Town.
The qualitative description of the bone histology and general microanatomy was identified following Enlow (1963) , FrancillonVieillot et al. (1990 ), de Ricql es et al. (1992 , Bromage et al. (2003) and Chinsamy-Turan (2005 , 2012 . This nomenclature is based mainly on osteocyte shape and size, mineralized collagen fiber matrix orientation, tissue types and vascularization (e.g. orientation and relative density of canals within the bone). Osteocyte shape and vascular orientation were easily identified under conventional transmitted light, and the pattern of mineralization of the collagen fibers was determined using polarized light microscopy and a gypsum (¼ lambda) plate. Bone tissue dynamics during bone growth (modeling), such as recent tissue deposition, appearance of simple vascular canals on bone surfaces, resorptive bone surfaces with irregular margins and obliterated areas on the matrices, as well as presence of cement lines (resting or resorption lines) were identified following the experimental and descriptive background provided by Enlow (1963) , Frost (1987) , Parfitt et al. (1987) , Goldman et al. (2009) and Parfitt (2010) . Bone modeling is the process involving formation and resorption of bone tissues (not necessarily coupled), which is principally associated with the growth of the bone, and results in changes in its shape and size (Frost, 1969 (Frost, , 1987  Parfitt, 2010; Allen & Burr, 2014) , being equivalent to Enlow's term growth remodeling (Enlow, 1962 (Enlow, , 1963 Enlow 1969) . Bone remodeling is the process of replacement of bone tissues (also often referred to as secondary reconstruction) and usually involves coupled bone resorption and formation mainly along endosteal, intracortical and trabecular surfaces (Frost, 1969 (Frost, , 1987 Parfitt, 2010; Allen & Burr, 2014) . For the histological and microanatomical description of the cross-sections, the cortex is divided arbitrarily into three relatively equal regions: the perimedullary region corresponds to the innermost, the midcortical region to the intermediate, and the pericortical region to the periphery of the cortex (Fig. 2B) .
Results
Distinct bone tissue matrices were present in the appendicular skeleton of B. suillus: woven bone (WB), parallel fibered bone (PFB), lamellar bone (LB) and lamellated bone (LTB), as well as composed tissues such as compact coarse cancellous bone (CCCB), fibrolamellar bone (FLB) and zonal bone (ZB). All the sections showed varying amounts of some of these tissues (Table 2 ). Simple vascular canals (VC), primary (PO) and secondary osteons (SO), canals of the nutrient arteries (CNA) and Sharpey's fibers (SF) were also found in the sections. A general description of these tissues and its distribution in B. suillus is given below.
Woven and fibrolamellar bone
Woven bone was present in all the analyzed sections (Table 2) , occurring usually in restricted areas and forming the 'interstitial' bone matrix (Fig. 3A) . This bone is predominant in juvenile cortices, whereas in subadult and adult individuals it is located in the midcortical areas, where they vary in thickness depending on the skeletal element and region of the section (e.g. medial, anterior). Within the WB tissue, radial, longitudinally (or slightly obliquely) arranged simple vascular canals, and primary and secondary osteons occur (Fig. 3A,B) . When primary osteons are present within WB, FLB is formed, whereby the matrix changes to a more anisotropic structure (e.g. Takano et al. 1996) . This tissue is usually formed in early stages of postnatal development to quickly increase bone area. This last tissue was usually found in lateral sides of the femur and posterior sides of the humerus, closer to or around muscle attachment sites, and it shows mostly longitudinal vascularization, although radial and sometimes reticular vascularization is observed (e.g. tibia-fibula, radius).
Parallel fibered bone
This tissue was present in all the thin sections (Table 2) . It is scarce in juveniles and more common in subadults, and usually appears as a transitional tissue between WB and LB ( Fig. 3C ). It is also observed in areas of bone expansion (e.g. posterior side of humerus). When this tissue is interrupted by thin layers of LB (annuli) it forms ZB. This tissue can also show primary osteons and consequently forms FLB (e.g. femur). The degree of vascularization (simple vascular canals) in this tissue can be variable, from scarce to moderate.
Lamellar bone
Lamellar bone tissue was mainly present in the perimedullary and pericortical regions, forming endosteal (ELB) and periosteal (PLB) lamellar tissues, respectively (Table 2 ; Fig. 3C ); ELB is always located in the borders of medullary cavities, whereas PLB can be present as thin layers of bone (e.g. annuli) or as relatively thick bands of tissue in midcortical or pericortical regions, forming ZB. The thickness of ZB is variable within the cross-section, but in general increases during ontogeny.
The thickness of ELB generally increases during ontogeny, although there is variation in terms of its continuity within the perimedullary region, the skeletal element, sex and relative age. The continuity or partial development of the ELB reflects changes in medullary cavity shape, thus indicating different degrees of endosteal modeling and cortical drift. Lamellated bone tissue was observed in perimedullary areas (e.g. femur). In general, the long axis of the osteocytes in LB is oriented perpendicular to the long axis of the bone. However, some bones in B. suillus (e.g. femur, tibia and ulna) showed that the long axis of the osteocytes was oriented parallel to the main axis of the bone (Figs 3F and 4E) . This produces transversal cross-sections with rounded osteocytes (e.g. Goldman et al. 2003; van Oers et al. 2015) . Rounded osteocytes in LB have been described in secondary osteons of equids (Kerschnitzki et al. 2011 ) and testudines (Cadena & Schweitzer, 2012) , although these authors do not mention whether that shape is the actual shape of the osteocyte or an effect of the orientation of the cross-section. Since it is known that mechanical load stimulates trabecular bone and collagen fibers to align in the direction of the stress (Turner, 2004) , this suggests that tissues showing this morphology in B. suillus are affected by different types of mechanical stimuli as compared with other tissues observed. In this study, this tissue was referred as longitudinal lamellar bone (LLB) (Fig. 3F ).
Compact coarse cancellous bone
This tissue was observed mostly in proximal appendicular bones (e.g. femur and humerus) ( Table 2) , and usually in midcortical areas. However, it is sometimes observed in perimedullary or pericortical regions, mostly due to the drifting process which exposes it to either the internal or the external surface of the cortex. The infilling of the spaces formed by trabeculae in the metaphyseal regions of B. suillus often comprises a predominance of LB (Fig. 3D ), but WB and PFB were also observed (e.g. Currey, 2002) . This tissue is often found closer to WB matrices.
Sharpey's fibers
Sharpey's fibers were identified principally in the periosteal regions of the sections and tended to be orientated radially with respect to the medullary cavity (Fig. 3E ). They are related to muscular attachment sites, and were mostly found in tibia and radius.
Bone vascularization and osteons
In general, vascular canals were orientated radially and longitudinally, although they are sometimes branched and quite rarely have a reticular arrangement (Fig. 4A ). They occur throughout the cortex, but are predominant in WB, CCCB and PFB, and much less frequently in LB. Radial canals are predominant in perimedullary and midcortical regions (Fig. 4A) . Longitudinal canals are common in the midcortical and pericortical areas of the bones of adult and subadults, but occur throughout the cortex among juveniles (Fig. 4B ). Primary osteons occurred in all ontogenetic stages and were associated with WB and CCCB in midcortical regions (Fig. 4B) . Some primary osteons presented a perpendicular orientation with respect to the long axis of the bone (e.g. tibia-fibula), and may indicate different mechanical loads imposed on the bone (e.g. Skedros et al. 1997; van Oers et al. 2015) . Vascular canals show resorptive (uneven) surfaces (Fig. 4C) , and some of them turn into secondary osteons (Fig. 4C,D) . Secondary osteons were identified by having centripetally deposited LB with a reversal line (which marks the furthest extent of resorption) (Fig. 4D ). There is much variation in size and shape of secondary osteons (Fig. 4E ). These were scarce and randomly distributed mainly in the midcortical regions of the WB (Fig. 4B,D,E) . Nevertheless, the number of secondary osteons increases slightly during ontogeny. Dense Haversian tissue was not observed in any bone. The femoral nutrient artery canal was located in posterior pericortical regions of the midshaft. This canal has a circumferential shape and is quite conspicuous, and it is usually affected by drifting and remodeling, which can be seen by the asymmetrical deposition of lamellar bone to one side of the canal (Fig. 4F ) (e.g. Jasinoski & Chinsamy, 2012) . In the femur of rodents, there is usually only one main diaphyseal nutrient artery, although sometimes two arteries can be found (Brookes, 1971) . Most of the femora in B. suillus presented one nutrient artery canal but, in two individuals two canals were present. In mammalian humeri, three arteries are often found (Brookes, 1971; Witkowska et al. 2014 ), but in B. suillus it was common to find two nutrient arteries in the anterior region of the shaft, and sometimes a third was located in the posterior region of the bone. Nutrient arteries were not commonly observed in the tibia-fibula, ulna or radius.
Femoral histology
Juvenile individuals have relatively thin bone walls (~0.84 mm for the individual with the thickest cortex), which enclose a large medullary cavity (Fig. 5A) . Some trabeculae were present in the medullary cavity of females, but not in males. The cortex is highly vascularized and shows simple vascular canals with a radial orientation, which occasionally branches and forms a reticular pattern. Longitudinal simple canals and primary osteons are also present (Fig. 5C,D) . Some juveniles showed thicker bone walls (Fig. 5A,B) , which is evident due to the presence of well vascularized PFB in the medial sides ( Fig. 5D-F) and FLB with intercalated PFB bands in the lateral sides of the bone (Table 2 ; Fig. 5D ). These depositions show an asymmetric growth, with relatively more bone being formed in the lateral and medial regions than in the anterior and posterior areas. The perimedullary area is composed of WB, although ELB is also observed (Table 2 ). When ELB is present, it usually surrounds the entire medullary cavity, although it tends to be thinner or absent in the lateral perimedullary sides of the bone (Fig. 5C ). Slight resorption occurs in the perimedullary surfaces of several young juveniles (Fig. 5A,E ), but it is often followed by new depositions of ELB (Fig. 5A,B) . Figure 5E and 5F shows increased thicknesses of the ELB in the same areas of different individuals. When resorption is extensive in medial regions in either endosteal or periosteal surfaces, CCCB is exposed to the medullary cavity or external surface, respectively. When this occurs, the resorption line (RL) in midcortical regions does not surround the complete section ( Fig. 5C-E) . In the regions of the bone where no RLs occur, bone deposition is uninterrupted (Fig. 5F ). Some RLs are less irregular in shape than others, but can be identified by discontinuities in the tissue types. Later in ontogeny the resorption occurs mostly in the endosteal lateral surfaces, whereby the modeling process in this bone shows a tendency to drift from medial to lateral margins (Fig. 5A,  B) . The nutrient artery is located in the pericortical area on the posterior margin of the section, and is sometimes open to the external bone surface (Fig. 5F ). Cross-sections of subadults show thick compact bone walls (~1.51 mm for the individual with the thickest cortex) (Fig. 6A,B) . Some females show trabeculae in the cortex. The lateral areas of the section show a mixture of PFB and FLB (Fig. 6C,D) , whereas the medial regions show a predominance of PFB (Fig. 6E) . Medial regions show endosteally and periosteally formed PFB, since a RL is observed in midcortical areas separating these tissues (Fig. 6E,F) . Both regions, lateral and medial, may present layers of annuli (Fig. 6D,E) . Due to the presence of small open vessels along the lateral surface of the cortex, the margin appears uneven, whereas the medial margin is smooth (Fig. 6D) . Thus, considering the whole section, the increased thickness of the bone in this stage is due to periosteal bone deposition on the lateral side, and a combination of periosteal and endosteal depositions on the medial side (Fig. 6) . Due to the considerable periosteal expansion, the nutrient artery is now located closer to midcortical regions (Fig. 6B) . One of the subadult males (#376) showed two large areas of endosteal resorption in the lateral side of the section. These areas open into the medullary cavity and are lined by a thin layer of ELB, delimited by an RL from the cortex. These resorption areas are considerably larger than in any other male individual, although some adult females showed similar enlarged resorption cavities.
Adults have fairly thick bone walls (~1.60 mm for the individual with the thickest cortex), with no trabecular development in males but slight development in some females. The medullary cavity slightly decreases in size when compared with previous ontogenetic stages (Figs 5-7) . Perimedullary surfaces have a thick layer of ELB, but they show resorption, which appears to be more extensive in females (regardless of whether they are reproductive or not). Quantification of bone resorption will be assessed in future research. Nevertheless, females display slightly thinner ELB layers and more irregular borders with some trabeculae as compared with males, which show relatively thick and smooth margins. At this ontogenetic stage, no major drifting is evident in the cortex, and perimedullary areas seem to be resorbed mostly in the lateral regions as a result of the relocation of the trochanter, whereas apposition still occurs in the pericortical regions, regardless of sex.
The main difference in the histology of the adults as compared with the earlier stages is the extensive periosteal thickening of the cortex, especially the lateral and medial regions, where ZB is more evident (Table 2; Fig. 7) . The layers of FLB in lateral and medial sides are thicker than in subadults. In advanced stages of adulthood, a more slowly deposited layer of LB occurs around the entire section, forming distinct growth marks (GM) in the compacta (Fig. 7E ). At these late adult stages, a considerable increase of Sharpey's fibers occurs in peripheral regions of the lateral areas of the bone.
Humeral histology
The shape of the humeral cross-section is triangular, and no obvious change in shape, other than cortical thickening, was observed during ontogeny. From all skeletal elements analyzed, this bone showed the most complex organization in bone tissues (e.g. tissues deposited in different orientations and with a relatively random distribution). For this reason, it was not possible to identify clear changes to differentiate among ontogenetic stages. The cortex thickens predominantly as a result of periosteal deposition, whereas resorption takes place at the perimedullary and midcortical regions (Fig. 8) . Trabeculae are present in the perimedullary regions of the bone.
Juveniles show relatively thick bone walls, although some individuals had a relatively thin bone wall (~0.9 mm for the individual with the thickest cortex) (Fig. 8A,B) . During these early stages of growth, there is a predominant trend to increase periosteal bone tissues (e.g. Fig. 8C,D) . Bone resorption occurs along the whole perimedullary region (Fig. 8E,F) , except in anterior sides of the section (closer to the deltoid crest), where apposition of LB occurs (Fig. 8D) . The layers of ELB are thicker in anterolateral perimedullary regions but become thinner or absent in the posterior side. Bone deposition in anterior regions and resorption in posterior perimedullary areas indicate a general drift in that direction in juveniles (Fig. 9A-F) . In subadults, as well as some older juveniles, periosteal deposition increases considerably in the posterior areas, mostly with highly vascularized PFB (forming FLB) (Fig. 8F) . In ontogenetically advanced juveniles, FLB (posterior sides) and PFB and PLB (lateral and medial sides) occur proportionally around each side of the section (Fig. 9A-D) . The thickest cortex of an subadult individual reaches~1.46 mm. At this stage, all perimedullary surfaces have been modeled with continuous resorption and deposition, which gives this region a distinctly disorganized structure (Fig. 9E) . However, subadults now show resorption in different regions of the anterior side; large resorption cavities are formed in midcortical regions, which results in a cancellous-like cortex (Fig. 9C) , as well as resorption in pericortical surfaces which were intact in juveniles ( Fig. 9C-E) . This resorption suggests a drifting pattern which changed its direction, and a high level of catabolic activity, probably for the relocation of the deltoid crest (Fig. 9B) .
This process is different from the quite 'uniform' cortical drift observed in long bones of other tetrapods, where generally the cortical drift is linear, and therefore the relocation occurs in one direction (Enlow, 1962 (Enlow, , 1963 de Ricql es et al. 1992; Biewener & Bertram, 1993) . In B. suillus, cortical drift is in multiple directions as the bone grows (Fig. 9B) , thus reflecting the torsion experienced by the humerus (Fig. 9B) . It seems that this bone show a higher rate of resorption as compared with the femur, although this needs to be tested with quantitative analyses. In adults, PFB is distributed around almost the entire cortex, and PLB is predominant in anterior sides. The thickest cortex in an individual reaches 1.57 mm. Adults tend to have disorganized midcortical areas with WB, FLB and CCCB tissues (Fig. 9E) . In spite of this more dynamic bone growth as compared with the rest of the long bones analyzed, primary and secondary osteons are not more common, and no dense Haversian tissues were observed in any specimen. Specimen #376 showed very thin cortices and several RCs around the whole section, which contrasts with other individuals. Similar to the femur, some RCs are opened into the medullary cavity and are centripetally lined by a thin layer of LB, which is delimited by an RL.
Tibio-fibular histology (distal diaphysis)
This bone shows a considerable thickening of the cortex during ontogeny, measuring~0.55 mm in juveniles and 1.54 mm in adults (Fig. 10A,B) . The cross-sectional bone microanatomy also changes during ontogeny, from elliptical in juveniles to spherical to triangular with rounded corners in adults. In addition, the medullary cavity decreases in size and in some individuals the medullary cavity was almost completely infilled. Frequently, individuals show two medullary cavities separated by a thin layer of ELB (Fig. 3F ). This suggests that both tibia and fibula develop their own medullary cavities during early stages of development, and only later in ontogeny do these merge. Some trabeculae were observed in the perimedullary regions of females. Perimedullary regions presented LLB, since their osteocytes appear rounded and not flattened as usually seen in transversal sections of LB ( Figs 3F and 10C ). Juveniles show FLB in midcortical regions, which is retained in adult stages.
No resorption lines are seen in between perimedullary and midcortical regions in older stages of development, whereby FLB appears contiguous to ELB and PFB (Fig. 10C) . Primary osteons are oriented radially around the medullary cavity in adults and subadults, whereby FLB has a perpendicular orientation respect to the longitudinal axis of the bone (Fig. 10D) . Pericortical areas are composed of PFB and PLB (ZB) usually separated from midcortical areas by a resorption line in subadults and adults (Fig. 10C ). This tissue is poorly vascularized and grows almost in the same proportion (isometrically) around the cortex, whereby almost no cortical drift is evident. The ZB is thicker than the ZB from femur and humerus of the subadults, indicating an earlier formation of these tissues in the distal tibia-fibula (Table 2) . In other bones, ZB (PFB and PLB) appears approximately at subadult and adult stages in the midshaft (Table 2) . Thus, distal regions reach somatic maturity before than midshafts. The periosteal growth forms distinctive growth marks (Fig. 10B) . Resorption cavities are more frequent in females, and are especially located in the perimedullary areas. However, resorption does not reach the high degrees observed in the femora and humeri.
Ulnar histology
The cross-sectional microanatomy of this bone is quite irregular, with medial and lateral bone walls being thinner than the anterior and posterior ones (Fig. 11A ). This shape is maintained during ontogeny, although adults show thicker bone walls, and the medullary cavity size tends to decrease with age (Fig. 11A,B) . The cortical thickness of juveniles is on average~0.92 mm, and~1.87 mm in adults. Juveniles have thin layers of ELB, which increases its thickness during ontogeny. Longitudinal lamellar bone also occurs in perimedullary regions (Table 2 ; Fig. 11C,D) . In juveniles, FLB appears especially in anterior and posterior sides of the section (Fig. 11C,D) . In medial sides, thin bands of FLB are present. This last area contains longitudinal and radial vascularization, and it turns into a more reticular network, in contrast to the anterior and posterior sides. A cortical drift can be observed from lateral (with resorptive surfaces) to medial sides (with formative surfaces). Thus, perimedullary areas are affected by fluctuations of bone formation and resorption during ontogeny. In adults, ZB appears in anterior, posterior and lateral sides, but is discontinued in medial sides (Fig. 10F) . Growth marks are distinctive in regions with ZB. The anterior side is composed mostly of PLB in the pericortical region and PFB in the midcortex, whereas the posterior side is composed of vascularized PFB. Secondary osteons increase in number during ontogeny. Sharpey's fibers were observed. Nutrient arteries were observed in the anterior sides of the section.
Radial histology
The cross-sectional microanatomy of the radius is elliptical. In adults this shape is retained, but the size of the medullary cavity decreases slightly by deposition of ELB (Fig. 12A,B) . This bone shows a lesser degree of ELB deposition as compared with the ulna. The periosteal expansion of this bone occurs mostly in anterior sides, and medial and lateral sides have a similar growth during ontogeny, reaching 0.81 mm in juveniles and~1.91 mm in adults. This expansion is mostly composed of FLB and PFB (Fig. 12D,F) .
Juveniles show endosteal resorption in anterior sides of the section, whereas formation occurs in posterior ones, thus indicating a slight cortical drift from posterior to anterior sides (Fig. 12C) . In adult individuals, bone depositions are approximately equal in the anterior, medial and lateral sides of the bone (Fig. 12E,F) . Secondary osteons seems to be more common than in ulna, and were associated with woven bone matrices and FLB. Sharpey's fibers are abundant in midcortical and pericortical regions.
Discussion
This study represents the first comprehensive histological assessment of the postnatal long bone development of the highly specialized subterranean mammal, the Cape dune molerat Bathyergus suillus (Bathyergidae). The analysis of the diaphyseal cross-sections of all the long bones revealed a relative conservative pattern of compact bone thickening, i.e. a scaffold of vascularized woven bone WB (and FLB) in juveniles, with alternating depositions of parallel fibered (PFB) and lamellar (LB) bone tissues during later stages of development.
In mammals, bone tissues are deposited at four distinct formative envelopes (surfaces): periosteal, endosteal, cancellous and intracortical (Enlow, 1969; Frost, 1969; Biewener & Bertram, 1993; Stout & Crowder, 2012; Burr & Akkus, 2014) . Each of these surfaces responds differently to hormonal stimuli and mechanical loads (Beaupr e et al. 1990a, b; Burr & Akkus, 2014) , resulting in different cross-sectional shapes (bone microanatomy) (Carter & Beaupr e, 2001 ). The adults of B. suillus presented well compacted bone cortices formed principally by endosteal and periosteal deposits with an absence of cancellous bone, although compact coarse cancellous bone (CCCB) (of endosteal origin) is commonly found in subadults and adults (Table 2) . Intracortical bone formation (and consequent secondary remodeling) was scarce. Cortical thickening is common among subadult stages, although advanced juveniles already presented relatively thick bone walls. Since both periosteal and endosteal growths are distinctive, the following discussion addresses the most probable causes of these processes. Additionally, the formation and function of CCCB tissues is also discussed, and a brief overview of rodent bone growth and histology is provided.
Postnatal long bone growth in B. suillus
Long bones of subterranean mammals (e.g. Ctanomyidae; Rodentia) are known to be shorter and thicker than those of their terrestrial/cursorial counterparts (Biknevicius, 1993; Casinos et al. 1993; Echeverr ıa et al. 2014) . Two main ways to increase bone thickness have been postulated: by depositing more or by resorbing less cortical bone (Wall, 1983) . The fact that ctenomyid bones are thicker in subterranean species as compared to more epigeous counterparts (e.g. Casinos et al. 1993) should imply an increase of periosteal bone formation. The high degree of cortical thickness found in B. suillus suggests a similar adaptation, since bone growth was mostly attained by periosteal growth (although the ratio of periosteal/endosteal deposition varies among different bones). Unfortunately, the rates of bone formation in Cape dune molerats has not been quantified yet, so it is uncertain exactly how much additional bone apposition occurs as compared with other non-fossorial species. It is not clear whether the bone growth observed in B. suillus is triggered by behavior (digging activity), hormonal action or other physiological processes. Androgens and estrogen are known to have strong effects on bone formation during attainment of sexual maturity (e.g. Seeman, 2001; Reim et al. 2008) . Here, advanced juveniles and subadults that have not reproduced as yet, already showed substantial cortical thickening (Tables 1 and 2 ). This has also been observed in subordinate non-reproductive naked molerats, Heterocephalus glaber (Bathyergidae) (Pinto et al. 2010) , suggesting that the attainment of sexual maturity is not triggering the cortical thickening in bathyergids. Nevertheless, Pinto et al. (2010) has found that breeding females of naked molerats have a greater cross-sectional area as compared with non-breeders, indicating a periosteal expansion of the femur. These data suggest that sex steroids stimulate a 'pubescent' growth surge in bathyergids (DenglerCrish & Catania, 2007; Pinto et al. 2010 ), but other underlying factors contribute first to the compacted phenotype of the limbs. Sexual maturity in B. suillus is thought to be reached at 1 year of age (Bennett et al. 2009 ), but the pups are able to disperse out of the burrow from juvenile stages (age class 2 and 3) (Bennett et al. , 2009 Armstrong & Avery, 2014) . The dispersion of the pups occur either by the extension of the maternal burrow or by them moving out of the nest (above or below ground) to finally establish their own burrows (Bennett et al. , 2009 . Irrespectively, their dispersal involves digging activities from early in their lives (from juvenile stages). We observed that the thickening of the cortex is more evident in older juveniles (age class 3) than in age class 2 juveniles (Tables 1  and 2 ).
Several mechanical factors are known to alter bone modeling (e.g. Hillam & Skerry, 1995; Boyle et al. 2003; Turner, 2004; Baron & Horne, 2005) . Increased mechanical load and activity are important stimulators of bone formation, whereas inhibitors of bone resorption (positively imbalanced modeling with substantially less resorption), as demonstrated by experimental data in other mammals (Burger & Veldhuijzen, 1993; Whedon & Heaney, 1993; Hillam & Skerry, 1995; Carter et al. 1996; Carter & Beaupr e, 2001) . In this sense, the subterranean lifestyle is known to be a highly costly activity in terms of energy expenditure (McNab, 1966; Vleck, 1979; Buffenstein, 2000; Luna & Antinuchi, 2006) . If these levels of energy expenditure directly reflect the digging activity underground, then this may explain the stimulation of bone formation in B. suillus, especially considering that this species rarely emerges above ground. Recent observations in ctnenomyids (scratch digging rodents) have shown that changes in external morphology of the musculoskeletal apparatus (e.g. teres major, olecranon processes and the epicondyles of the humerus) are correlated with an increasing commitment to the digging behavior during early postnatal ontogeny (i.e. young pups) (Echeverr ıa et al. 2014) . Likewise, the level of maturity for an adequate mechanical performance during digging is thought to be reached at around 45-60 days of age in Ctenomys talarum, which is the age corresponding to the stages of weaning and dispersion (Echeverr ıa et al. 2014 ). In B. suillus, weaning occurs long before dispersion, at 21 days of age . Considering this, it is probable that the onset of increased excavatory demands in B. suillus at 2 months old (age class 2) is contributing to and stimulating the thickening of the cortical bone. However, this process may not be exclusively related to mechanical load, since naked molerats from colonies in captivity also show increased cortical thicknesses (e.g. Chinsamy & Hurum, 2006; Montoya-Sanhueza & Chinsamy, 2016) .
Periosteal growth
The general shape of the cross-sectional microanatomies does not change much during ontogeny in the humerus, tibia-fibula, ulna and radius. Indeed, except for the humerus, the external shape of these bones do not change much, since they do not present considerable curvatures that would require highly dynamic bone modeling and strong cortical drift. This indicates a relatively equal expansion of the bone depositions around the cortex. Stern et al. (2015) described how the main structures of the long bones in the rat (bone ridges, tuberosities, condyles, etc.) preserve their relative position, with a consequent isometric scaling during ontogeny. It is apparent that this process of bone growth is relatively similar in B. suillus. Nevertheless, a quantitative study is needed to assess specific morphological changes of the macrostructural anatomy in Cape dune molerats.
During ontogeny, the microanatomy of the femur changed from a circular cross-sectional shape to ellipsoidal, with a mediolateral cortical expansion. This agrees with previous descriptions of femoral shape in terrestrial tetrapods, where in general the femur shows an elliptical cross-section (Foote, 1916) . The femur of B. suillus has a high degree of vascularization in areas close to muscle insertions (enthesis attaching sites), especially in the lateral regions, which are composed of FLB. It is uncertain whether the femur has different growth rates in medial/lateral sides of the section and anterior/posterior sides. Previous observations have shown a local thickening of the cortex closer to some muscle insertions (Wall, 1983) and it has been suggested that muscle insertions on bone surfaces influence the periosteum and its rate of periosteal bone apposition due to high degrees of vascularization and tension exerted by muscles (Carter & Beaupr e, 2001; Rabey et al. 2015) . de Margerie et al. (2002 Margerie et al. ( , 2004 have found that highly vascularized bone tissues in birds have higher bone growth rates, and experimental research has shown that femoral crosssections of immobilized rats are more circular (i.e. isometric growth) as compared with normal mobile counterparts (Lanyon, 1980) . This suggests that regions for muscle attachment in B. suillus are likely deposited faster than anterior and posterior regions, thus producing the elliptical bone geometry observed during ontogeny. Nevertheless, experimental studies using inbred strain mice (C3H/HeJ and C57BL/6J) have shown that different bone microanatomies are developed by similar bone growth rates (Chen & Kalu, 1999) . Rabey et al. (2015) have observed higher bone growth rates in cross-sections of the deltoid crest in the humerus of rats when they were exposed to different levels and types of activity. However, they did not find statistically significant thicker bone walls in these areas (Rabey et al. 2015) . They suggest that even when bone growth rates are higher, they do not necessarily produce thicker cortical walls (Rabey et al. 2015) . Interestingly, the data presented by these authors show that there is a slight increase in the thickness of the deltoid crest in individuals with a specific activity (e.g. climbing) (see tables 1 and 2 in Rabey et al. 2015) . This is also seen by the more complete preservation of the fluorescent labeling used for bone depositional calculations of the same climbing group (see fig. 4 in Rabey et al. 2015) . Unfortunately, they did not describe the vascularization pattern of these groups or the tissue types present. Consequently, the microanatomy and high cortical thickness in the femora of B. suillus show two interrelated local skeletal processes: first, the long bones thicken radially by apparently faster bone growth rates and, secondly, the areas related to muscle insertions stimulate periosteal expansion, thus resulting in additional cortical thickening. In fact, femoral sections made below the midshaft in B. suillus showed a predominance of poorly vascularized tissues with much more circular cross-sections.
Despite the humeri presenting more disorganized tissues in the cortex, the anterior regions below the deltoid crest were more homogeneous and were composed mostly of PLB (Fig. 9E) . Differences in the pattern of cortical drift between the humerus and the rest of the bones are striking. The humerus shows a high level of cortical drift and more cortical resorption and presence of trabeculae during ontogeny as compared with the other bones. This last is most probably the result of the relocation of the deltoid crest during bone growth, and most importantly likely due to the torsion that the humerus experiences (Fig. 9) . Unfortunately, studies of humeral development in mammals have mostly described microanatomical and macrostructural changes (e.g. Larson, 1988; Cowgill, 2007; Moore et al. 2013; Bickelmann et al. 2014; Cambra-Moo et al. 2014) , without histological (bone modeling) assessment. However, for the morphology of the bone to change, a dynamic process of bone modeling (high rates of bone formation and resorption) is needed to relocate anatomical structures (Biewener & Bertram, 1993) . The current study provides the first histological description that offers some insight into the humeral torsion evident in bathyergids (Fig. 9B) .
In an evolutionary context, humeral torsion refers to the orientation (angle) of the humeral head relative to the mediolateral axis of the distal humerus (Larson, 2007; Rhodes, 2007) . Several studies in humans have shown how increased activity of the arm stimulates the thickening and affects the torsional degree of the humerus (e.g. Rhodes & Kn€ usel, 2005) . In primates, the angle of humeral torsion has been used to infer the degree of arboreality (e.g. Larson, 1988) and in other mammals it also has been related to fossorial lifestyles (Sereno, 2006; Meier et al. 2013 ). However, this feature is not only affected by specific habitual activities, since a wide variation in the degree of torsion during early stages of development has been observed in humans (Cowgill, 2007) as well as in highly specialized subterranean mammals (Bickelmann et al. 2014 ). Thus, a functional imbalance between medial and lateral rotational muscles seems to be important for the degree of humeral torsion (Cowgill, 2007) . In humans, humeral torsion occurs throughout ontogeny, being more severe in early stages of development and declining steadily into adulthood (Cowgill, 2007) . This morphological change in early development can be related to the high rates of bone formation (and hence more effective modeling) typical of these stages (e.g. Biewener & Bertram, 1993) , which may guarantee the achievement of complex morphological structures in adulthood. The humeral morphology and torsion found in European moles (Talpidae) is unique among mammals in that both condyles are rotated in opposite directions, which has been associated with the mechanism of humeral rotation digging and the development of strong muscles (Bickelmann et al. 2014) . Meier et al. (2013) suggest that the elliptical shape of the medullary cavity in fully fossorial talpids (Talpini and Scalopini) is due to the torsion of the humerus, contrasting with the more circular medullary cavity found in nonfossorial taxa (Desmanini). It is likely that the morphology of the medullary cavity in fossorial taxa is also a consequence of complex bone modeling processes.
Although the femur and humerus of B. suillus reach high levels of compactness, they show different bone microanatomies as a result of different modeling dynamics. Bathyergus suillus is a scratch digger and it uses its long clawed forelimbs to break up soil, which normally exerts bending forces on these bones, whereas the hindlimbs are used to move the soil backwards and out of the burrow, and also to communicate with other individuals by drumming on the ground (Stein, 2000; Bennett et al. 2009 ). Thus, the forces acting in hindlimb bones can be more diverse, involving a combination of axial compression, bending and even torsion. Nevertheless, further research is needed to clarify the contribution of biomechanical factors and underlying phylogenetic patterns in the development of the bone microanatomy (e.g. Turner, 2004; Cowgill, 2007) .
Endosteal growth
Endosteal lamellar bone was common in almost all specimens. However, the degree of ELB deposited was variable with respect to ontogenetic stage and sex. Many of these ELB showed multiple resorption lines (Figs 8F and 9E) , which indicate episodic bone formation and resorption, as has been observed for other mammalian species such as echidnas (Hurum & Chinsamy-Turan, 2012) . Since the medullary cavity of the femora and humeri do not change considerably in size during ontogeny (see Montoya-Sanhueza, 2014) , it is likely that these perimedullary areas undergo minimal transformations during bone modeling ( Fig. 9B) (Enlow, 1963; de Ricql es et al. 1992) . These modeling dynamics can be regulated by hormonal alterations or biomechanical fluctuations; for example, human femora show different endosteal modeling patterns among sexes at different ages (Feik et al. 2000) . It has been shown that hormonal activity (estrogens) in sexually mature individuals inhibits the resorption of the endosteal and cortical tissues (e.g. Martin & Seeman, 2004) . Likewise, it has also been observed that sex differences related to delayed puberty affect the degree of endosteal bone apposition in humans (e.g. Seeman, 2001) . These data indicate that the timing of sexual maturity within populations may produce fluctuations in the degree of endosteal bone formation and resorption. These perimedullary bone dynamics may also result from different modeling responses, to adapt bones to specific digging (and social) behaviors. For example, it has been observed that the digging behavior in African molerats can be quite variable due to differential onset of sexual maturity between the sexes, age groups, or even among individuals of same age but with different roles within the colony, such as dominants and 'cohabitants' Lacey et al. 2000; Begall et al. 2007 ). Although B. suillus is a solitary subterranean rodent, their burrow systems are relatively contiguous among conspecifics (e.g. Thomas et al. 2009; Bray et al. 2012) , and it is therefore probable that some individuals utilize existing burrows, thus minimizing the energetic costs and biomechanical requirements needed for intensive digging. In humans and other animal models, variation in activity patterns and behavior result in microanatomical changes in the bones of skeletally mature individuals, thus emphasizing the importance of knowing the full loading history throughout life (Carter & Beaupr e, 2001; Starck & Chinsamy, 2002) .
Since the medullary cavity size in femora and humeri of B. suillus is maintained during ontogeny, this suggests low rates of endosteal resorption during ontogeny. The tibiafibula showed even more extensive endosteal growth, which resulted in more occluded medullary cavities as compared with other bones studied (Fig. 10A,B) . The humerus and femur showed less occluded medullary cavities as compared with the other bones, but more endosteal and subendosteal resorption. These observations were specifically made for the midshaft regions of femora and humeri and for the distal diaphyseal regions of the tibia-fibula. Given that proximal regions of femur (as compared with midshafts) in female humans are more prone to osteoporosis (Massaro & Rogers, 2004) , it is also likely that different patterns of skeletal homeostasis could be present in other regions of the long bones of B. suillus. In this sense, the most noticeable differences between sexes were observed in the extent of bone resorption of humeri and femora, with females showing more extensive resorption (e.g. Fig. 7A ,C). These differences are most probably related to reproduction and they will be addressed and quantified in further research.
Bone modeling and mineral homeostasis
An important finding of the current study is that most of the cortices and perimedullary areas remain relatively unaltered by bone resorption during ontogeny. This rather limited endosteal resorption contributes significantly to the thickening of the bone walls in this species. In general, mammals show a balanced bone modeling during their life (i.e. with similar rates of bone formation and resorption), although an abrupt decrease in bone formation rates and an increase in bone resorption occurs during later ontogenetic stages, which results in an imbalanced (negative) bone modeling (Sontag, 1986; Morgan et al. 2010; Parfitt, 2010) . Thus, it is usually assumed that during long bone modeling, bone formation and resorption occur simultaneously at relatively the same rates during early and intermediate ages (Enlow, 1962 (Enlow, , 1963 . However, deposition and resorption are not necessarily simultaneous in all areas of the bone and can sometimes be asynchronous, e.g. when bone apposition is occurring in the external surface of the cortex, this does not mean that bone resorption has to occur in the opposite endosteal surface (Hoyte & Enlow, 1966; Rabey et al. 2015) . Bathyergus suillus shows a positively imbalanced bone modeling, with bone tissues being deposited on both periosteal and endosteal surfaces. This contrasts with terrestrial mammals and birds, where endosteal surfaces are mostly resorptive (e.g. Sontag, 1986) , resulting in considerable expansion of the medullary cavity throughout ontogeny (Carrier, 1983; Heinrich et al. 1999; Castanet, 2006) . This suggests a relatively conservative bone metabolism in B. suillus. This is further supported by the scarce bone remodeling observed within the appendicular skeleton, which indicates a generalized low bone turnover. It is probable that the high levels of intestinal calcium absorption in bathyergids may contribute to the increased mineral concentration in their skeletal system (Buffenstein et al. 1995; Buffenstein, 1996 Buffenstein, , 2000 Buffenstein & Pitcher, 1996) , especially given that their diet is in general very calcium-rich (Pitcher et al. 1992) . Renal reabsorption of calcium is also highly efficient in bathyergids, and results in a little loss in the urine (Buffenstein, 2000) .
The subadult male (#376) with a high degree of porosity in the femur and humerus, as well as a large medullary cavity and thin bone walls in the tibia-fibula, ulna and radius is intriguing. It is quite probable that such thin bone walls were unsuitable for prolonged digging activity, and that the extensive porosity evident in this individual could be the result of disease, immobilization or alimentary deficiencies (e.g. calcium deficiency) (Jaworski et al. 1980; Biewener & Bertram, 1993 ; see also references therein). This individual does not show evidence of reproduction (Table 1) or fractures that might indicate immobilization. It is also difficult to assess disease in this individual, but it is known that lack of mechanical loading or inactivity increases the rates of resorption (negatively imbalanced and incomplete modeling and remodeling) and is followed by a decrease in the rates of bone formation (Biewener & Bertram, 1993; Turner, 2004) . In most mammals, a decrease in calcium acquisition causes rickets (osteomalacia), as a result of low levels of 1,25 (OH) 2 D (Anderson et al. 2012; DiMeglio & Imel, 2014) . In this sense, inbred strain mice (C3H/HeJ), which are known to have high levels of peak bone density (i.e. increased mineralization and high bone cortical thickness) as compared with other inbred strain mice with normal cortical thickness (Beamer et al. 1996) , have shown higher intestinal calcium absorption and 1,25(OH) 2 D levels (Chen & Kalu, 1999) . This indicates that calcium intake is correlated to bone quality and increased bone density. In bathyergids, the naturally impoverished condition of 1,25(OH) 2 D does not affect calcium acquisition and final bone quality (as seen in this study). Nevertheless, the effect of low dietary calcium concentrations on bathyergid skeletal system is unknown. Further research into the relationship between diet quality and skeletal growth may help to understand the probable causes of bone inhibition and/or resorption in bathyergids. The process of bone thickening in bathyergids seems to be more complex than thought, and may be related to a physiological mechanism of low bone turnover and high calcium acquisition.
Compact coarse cancellous bone and cortical thickening Enlow & Brown (1958) describe the origin of the poorly differentiated midcortical areas in rodents as a secondary feature occurring through bone reconstruction or by a disorganized pattern of primary bone deposition (Enlow & Brown, 1958, pp. 209-210) . However, in later descriptions, Enlow (1962 Enlow ( , 1963 specifically mentions that the midcortical areas are composed of WB or CCCB tissues. Enlow (1963) describes coarse cancellous bone (CCB) as appearing mainly in metaphyseal areas of long bones as a consequence of longitudinal long bone growth. As bone grows in length, this tissue is infilled with endosteal lamellar bone (ELB) forming CCCB, typically having a convoluted pattern (Enlow, 1962 (Enlow, , 1963 . However, during longitudinal growth, the original location of this tissue changes (i.e. the bone that used to be in the vicinity of the distal or proximal thirds of the bone, is now located closer to the midshaft) (Enlow, 1962 (Enlow, , 1963 (Enlow, , 1969 Hoyte & Enlow, 1966) . Most of the observations made by Enlow (Enlow, 1962 (Enlow, , 1963 were based on laboratory rats, a semiaquatic rodent (beaver) and a scansorial primate (Rhesus monkeys). Terrestrial and some scansorial animals tend to have considerable resorption around the medullary cavity during ontogeny, which obliterates the endosteally deposited tissues located in the perimedullary areas of the cortex and causes enlargement of the medullary cavity (Biewener & Bertram, 1993; Castanet, 2006; Parfitt, 2010) . This may explain why CCCB is not usually found (or is scarce) in these mammals, and why it is more commonly found in distal or proximal areas of long bones. The substantially reduced perimedullary resorption found in B. suillus provided a good record of CCCB in the midshaft regions, especially in femur and humerus (Table 2) . This does not mean that CCCB is formed originally at the midshaft of the diaphysis, or that this tissue is a specific de novo bone adaptation for subterranean lifestyles. Warshaw (2008) quantified and comprehensively described the distribution of midshaft bone tissues of a large sample of primates including strepsirrhines (Galagidae, Lorisidae, Cheirogaleidae, Indriidae, Lemuridae), platyrrhines (Callitrichidae, Cebidae, Atelidae) and tarsiids, representing a wide spectrum of terrestrial postural and locomotor behaviors (e.g. suspension/brachiation, arboreal quadrupedalism/grasp-leaping, slow climbing/grasp-clinging and creeping, and vertical-clinging and leaping). In these species, CCCB is present in almost all limb bones (femur, humerus, ulna and radius), although it is found in a low proportion with respect to other endosteal and periosteal tissues (Warshaw, 2008) . Some authors have proposed that primates have greater cross-sectional strength than nonprimate mammals of the same size as a consequence of arboreal adaptations (e.g. Kimura, 1995) . This hypothesis has not been fully clarified, but the fact that primates have larger cortical areas compared with carnivores and rodents of the same size (Kimura, 1995; Polk et al. 2000) can be structurally explained by the maintenance of CCCB (i.e. less endosteal bone resorption). Geiger et al. (2013) describe CCCB from femoral midshafts of fossil giant caviomorphs (Rodentia) from the northern Neotropics. This tissue differs from CCCB found in B. suillus by the presence of randomly distributed secondary osteons ( fig. 4A in Geiger et al. 2013 ). These authors cited Enlow's (1962) description of CCCB in the beaver (Castor) to support their hypothesis that fossil giant caviomorphs also lived in aquatic environments (due to the similarity of the location of these tissues in beavers and caviomorphs). However, Enlow did not specify the location of the transverse section (e.g. whether proximal, distal or midshaft) (pp. 98; Plate 6, Fig. 22 ). Indeed the section could simply be from the metaphyseal region where CCCB is common, and therefore without further investigation its occurrence cannot be presumed to be an adaptation for an aquatic lifestyle. Clearly, structural modifications like this have an adaptive value and are most probably selected to accomplish and maximize specific biomechanical functions. Indeed, Geiger et al. (2013) argue that the function of this tissue may be to increase cortical area, and therefore the biomechanical properties of a bone in semiaquatic and/or heavy-bodied mammals. As this tissue is not commonly found in cross-sections, its biomechanical contribution in the midshaft has not been assessed, although due to its lack of an organized mineral orientation it is thought to be biomechanically weak (Currey, 2002) . Further research of histological changes during ontogeny, related to shifts in behavior or locomotor activities, could shed light on how bone tissues are modeled or remodeled to accomplish specific functions (e.g. Carter & Beaupr e, 2001; Currey, 2002) . Thus, Cape dune molerats (subterranean rodents), beavers (semiaquatic rodents) and giant extinct caviomorph rodents (suggested as semiaquatic organisms; Geiger et al. 2013) seem to share a similar convergent pattern of cortical bone development, although the causes and mechanisms may differ among these taxa. It is important to highlight that neither subterranean nor aquatic lifestyles stimulate directly the formation of CCCB growth.
The present study has shown that in B. suillus, the occurrence of CCCB in the midshafts of long bones is related to the positively imbalanced bone modeling observed with scarce endosteal resorption. Our findings suggest that the proportion of CCCB in the midshaft regions is dependent on two main factors: (i) the amount of endosteal resorption during early and middle stages of ontogeny, and (ii) the degree of cortical drift, which can erode some sides of the bone wall more than others.
Long bone growth patterns and histology of rodents Enlow & Brown (1958) describe the histology of the cortex of rodents as consisting of (i) an inner circumferential lamellae with radial vascularization, (ii) a midcortical portion made of primary and poorly developed Haversian tissue, which is highly disorganized and poorly differentiated, and (iii) an external circumferential lamellae with scarce vascularization. In broad general terms, the histology of B. suillus agrees with this description, although the vascularization varies throughout ontogeny, and a reticular pattern was associated with distinctive anatomical features such as trochanters.
In general, immature rodents and other mammals present a WB scaffold, and thin layers of PFB or LB with scarce vascularization (e.g. Enlow & Brown, 1958; Smith, 1960; Enlow, 1963) , whereas the number of primary osteons increases through ontogeny (Smith, 1960; Singh & Gunberg, 1971; Garc ıa-Mart ınez et al. 2011 ). Secondary reconstruction is evident but not extensive in rodents (Enlow & Brown, 1958; Enlow, 1963; Forwood & Parker, 1986; Garc ıa-Mart ınez et al. 2011) . Growth marks (GMs) and secondary osteons have been observed in species with short lifespans (< 2 years old), such as Abrothrix longipilis (Sigmodontinae) (Montoya-Sanhueza, 2010, unpublished) . In this respect, the basic bone tissues and vascular organization observed in Rodentia, with the exception of the laminar (FLB) organization and extensive Haversian tissues, do not differ considerably from other mammalian groups (Foote, 1916; Enlow & Brown, 1958) , which also show a complex organization and a mixture of bone matrices (e.g. Straehl et al. 2013) . These multiple studies in rodent osteohistology have demonstrated the highly dynamic and varied nature of rodent skeletal histology, although there are still some generalizations and misconceptions about the bone histodiversity of this group. For instance, the scarcity of vascular canals in rodent bones is usually considered as an inherent feature of all small rodents (e.g. Martiniakov a et al. 2005b Martiniakov a et al. , 2009 ), but it should be noted that this assumption could be biased because of predominant observations on laboratory rats and mice, and examination of specific areas of the bone (e.g. femoral midshaft). Thus, previous studies of rodent species (see citations above), plus the histological pattern observed in B. suillus, suggest that the histodiversity and tissue organization in Rodentia is more complex and varied than previously conceived, and that this may be related to different modeling (and remodeling) processes rather than to phylogenetic differences. In this regard, several growth patterns can be observed in mammals, and modifications in growth rates (e.g. higher initial growth rates during ontogeny) or longer duration of growth (e.g. extended longevity) (Harvey & Read, 1988; German, 2004; Zelditch, 2005) may be recorded in the bone microstructure of rodents and other mammals (e.g. Hurum & ChinsamyTuran, 2012; Kolb et al. 2015a; Orlandi-Oliveras et al. 2016) . For example, a high degree of variation occurs in the femoral cortical thicknesses of sexually mature (reproductive) individuals of the long-haired field mouse A. longipilis (Sigmodontinae) collected from different localities and seasons (Montoya-Sanhueza, 2010, unpublished) . These findings suggest variations in the modeling process in wild populations, and perhaps differential growth patterns. Likewise, Orlandi-Oliveras et al. (2016) have recently documented the extended growth pattern of the fossil giant dormouse, Hypnomys onicensis (Gliridae) from insular environments. They describe an increase of the lifespan in this species in relation to its modern closest relatives, the garden dormouse, Eliomys quercinus. These recent studies indicate a significant variety of growth processes in rodents which has been largely unexplored and underestimated at the microstructural level, and therefore a reconsideration of rodent bone biology is needed. As Enlow (1969) stated several decades ago, more detailed observations on bone modeling and skeletal biology should focus at intraspecific levels and/or on selected groups, before any general phylogenetic deductions can be made.
Conclusions
The unusual growth dynamics of B. suillus has provided a unique opportunity to assess the histological and morphological changes of bone modeling during ontogeny in a highly specialized digging mammal, and has shown that the causes of cortical thickening in bathyergids are much more complex than previously envisaged.
The high degree of bone deposition rather than resorption observed in B. suillus throughout ontogeny appears to be attributable to multiple factors, including digging behavior. However, a diet rich in calcium and a minimal mineral loss due to an efficient renal reabsorption may also play a systemic role in skeletal homeostasis. Further research is needed to clarify the proximate causes of the scarce bone resorption and remodeling evident in B. suillus. The descriptions and comparisons undertaken in the current study highlight our limited understanding of the skeletal dynamics of feral small mammal populations, both during ontogeny and within an autoecological context. This is especially pertinent considering the wide spectrum of ecological adaptations and life history strategies evident among the Rodentia (e.g. Grime & Pierce, 2012) . It is evident that further bone microstructural studies focused on integrating phylogeny, behavior, function, metabolism and lifestyle adaptations are needed. These studies should involve quantitative assessments such as the physiological and comparative method (Garland & Carter, 1994; Rezende & Garland, 2003) and the comparative ontogenetic framework proposed by Asher et al. (2008) . Some aspects that deserve more attention are: (i) the differential contribution of bony structures and bone growth rates in the final bone compactness of long bones; (ii) understanding the humeral modeling processes in vertebrates; (iii) quantification of the amount and proportion of bone depositions during ontogeny; (iv) the cyclicity, temporality and formation of GMs using labelling studies; (v) the metabolic and ecologic aspects relating to the onset of sexual maturity and its hormonal influences on the skeleton of bathyergids.
